T cells move through tissues, scanning for MHCpeptide complexes that specifically activate their T cell receptors (TCRs). T cells are also capable of sensing a variety of signals that can alert them to potentially threatening pathogens -and to cancer. Tumour-specific T cells are probably activated through encounters with tumour-associated antigens that are presented by specialized antigen-presenting cells (APCs), including dendritic cells (DCs). However, activated T cells are capable of directly recognizing antigens that are presented on the surfaces of tumour cells. Based on intravital imaging, there is a growing body of evidence indicating that the migration of tumour-specific T cells is rapidly arrested when they encounter their cognate antigens 1 . It is perhaps this arrested migration of T cells following their encounter with an antigen that forms the basis of the observation that, in patients with melanoma, tumour-infiltrating lymphocyte (TIL) populations can be isolated and expanded from tumours simply by excising the tumour mass, dissociating cells into single-cell suspensions or tumour fragments, and adding the T cell growth factor interleukin-2 (IL-2) (FIG. 1) . It is also possible to use genetically engineered T cells to treat a variety of tumour histologies (FIG. 2) .
This Review focuses on immunotherapy based on the adoptive transfer of naturally occurring or geneengineered tumour-specific T cells. We summarize the state of knowledge regarding what T cells 'see' in tumour masses, what T cells must 'do' to trigger tumour cell death, and how T cells experience maturational changes that dramatically affect their phenotypes and functions. Finally, we consider how best to combine tumour-specific T cells with other therapies to treat patients with cancer.
Can tumour-infiltrating lymphocytes kill tumours?
The treatment of patients with cell populations that have been expanded ex vivo is called adoptive cell transfer (ACT). Cells that are infused back into a patient after ex vivo expansion can traffic to the tumour and mediate its destruction. 'Preparative lymphodepletion' -the temporary ablation of the immune system in a patient with cancer -can be accomplished using chemotherapy alone or in combination with total-body irradiation, and the addition of this step is associated with enhanced persistence of the transferred T cells. Moreover, the combination of a lymphodepleting preparative regimen with ACT and the administration of the T cell growth factor IL-2 can lead to prolonged tumour eradication in patients with metastatic melanoma or other tumour histologies (including leukaemias and synovial cell sarcomas) who have exhausted other treatment options [2] [3] [4] [5] [6] [7] . It seems perplexing that tumours persist despite being enriched for T cells that are specific for antigens expressed by the tumour. This is perhaps because tumour-specific T cells within the tumour are experiencing chronic activation and are bathed in immunosuppressive factors. There is a growing body of work suggesting that TILs are restrained in vivo by immunosuppressive molecules, such as T cell immunoglobulin and mucin domain-containing protein 3 (TIM3), lymphocyte activation gene 3 protein (LAG3), programmed cell death protein 1 (PD1) and cytotoxic T lymphocyte antigen 4 (CTLA4) 8, 9 . However, removing T cells from this presumably immunosuppressive tumour environment enables their activation and clonal expansion. During the process of expanding TIL populations in culture, tumour cells die or are killed by activated natural killer (NK) cells or newly Tumours are often complex masses containing diverse cell types. These masses can be surgically resected and fragmented, and the cells can be placed in wells into which a T cell growth factor, such as interleukin-2 (IL-2), is added. T cell populations that have the desired T cell receptor (TCR) specificity can be selected and expanded, and then adoptively transferred into patients with cancer. Prior to this adoptive transfer, hosts can be immunodepleted by either chemotherapy alone or chemotherapy in combination with total-body irradiation. The combination of a lymphodepleting preparative regimen, adoptive cell transfer and a T cell growth factor (such as IL-2) can lead to prolonged tumour eradication in patients with metastatic melanoma. MDSC, myeloid-derived suppressor cell; NK, natural killer; T Reg , regulatory T.
Adoptive cell transfer
(ACT). The administration of tumour-specific lymphocytes (obtained from the patient (autologous) or from a donor (allogeneic)) following a lymphodepleting preparative regimen.
Lymphodepletion
The use of total-body irradiation or cytotoxic drugs to deplete the lymphoid compartment in a patient. expanding T cell populations. The TILs are dissociated from immunosuppressive cell populations -such as myeloid-derived suppressor cells (MDSCs) -and possibly exposed to lower levels of immunosuppressive cytokines during this early period in culture. The ex vivo expansion of TIL populations to more favourable numbers followed by the transfer of these cells back into the host can trigger the death and complete eradication of the tumour, leading to the durable and complete remission -and even the 'cure' -of established cancers 4 .
Myeloid-derived suppressor cells (MDSCs)
.
How T cells target tumours
The identification of appropriate tumour antigens is perhaps the greatest challenge now facing workers in the field of cancer immunotherapy 10 . Antigens encoded by mutated genes are likely to be mostly unique to an individual tumour, but are there also self antigens shared by Figure 2 | Three ways to genetically engineer T cells to confer specificity for tumour-associated antigens. T cells can be genetically engineered to recognize tumour-associated antigens in various ways in current clinical trials. If a patient expresses a tumour-associated antigen that is recognized by an available receptor structure, autologous T cells can be genetically engineered to express the desired receptor. New receptors can be generated in a variety of ways. a | T cells can be identified and cloned from patients with particularly good antitumour responses. Their T cell receptors (TCRs) can be cloned and inserted into retroviruses or lentiviruses, which are then used to infect autologous T cells from the patient to be treated. b | Chimeric antigen receptors (CARs) can be generated in a variety of ways. Most commonly, sequences encoding the variable regions of antibodies are engineered to encode a single chain, which is then genetically engrafted onto the TCR intracellular domains that are capable of activating T cells. These CARs have antibody-like specificities, which enable them to recognize MHC-nonrestricted structures on the surfaces of target cells. c | TCRs can also be isolated from humanized mice that have been primed to recognize tumour antigens. These mice express human MHC class I or MHC class II molecules and can be immunized with the tumour antigen of interest. Mouse T cells specific for the MHC-restricted epitope of interest can then be isolated, and their TCR genes are cloned into recombinant vectors that can be used to genetically engineer autologous T cells from the patient. However, tumour masses that grow uncontrollably and ultimately kill their hosts demonstrably express immunologically targetable antigens. Thus, not only do tumour masses 'escape' recognition by eliminating antigenic targets that they express, but they also co-opt or render insufficient the adaptive immune system of the host 164 . The first human tumour-associated antigen gene to be defined at the sequence level was melanomaassociated antigen 1 (MAGEA1), which encodes the antigen MZ2E 15 . Since then, hundreds of antigens that 5, 7 . Likewise, T cells engineered to be specific for carcinoembryonic antigen (CEA) mediate the destruction of colon cancer in patients and mice, but at the same time cause transient destruction of the normal colonic mucosa 16, 17 . Melanocyte differentiation antigens (MDAs) -such as PMEL (also known as gp100), melanoma antigen recognized by T cells 1 (MART1), tyrosinase, tyrosinaserelated protein 1 (TYRP1) and TYRP2 -are expressed by most melanoma tumours but are also expressed by normal melanocytes in the stratum basale of the skin, in the retinal pigmented epithelium in the eyes, and in the inner ear, where they are associated with melanin production 18, 19 . Based on early antigen-cloning studies, non-mutated self MDAs were proposed to be strong candidates for targeting using TIL-based immunotherapy 20 . However, T cells with gene-engineered TCRs specific for PMEL or MART1 mediated the destruction of normal melanocytes in the skin, eyes and ears of treated patients, and these detrimental effects sometimes required intervention with corticosteroid treatment 21 . Ocular toxicity was also observed in a mouse model using T cells specific for PMEL 22 . Objective clinical responses were observed in 9 out of 36 (25%) patients treated in these trials, but only one patient experienced a complete response to treatment 21 . By sharp contrast, populations of TILs can be given usually without causing evidence of eye or ear toxicity, despite having TCRs specific for the same non-mutated self antigens 4, 23 . The induction of long-term, durable immune responses, which can kill all of the tumour cells, can usually be accomplished by the transfer of TILs without causing the toxicity attributable to T cells. This suggests that the naturally occurring TILs in melanoma might respond to antigens other than non-mutated self antigens.
Cross-priming
Tumour-specific T cells can recognize the products of mutated genes. Recent studies involving exomic sequencing of human melanomas have indicated the presence of a large number of mutational events 24 , enabling cancer immunologists to target non-synonymous mutations that result in the creation of new epitopes. The inherent genetic instability of tumours generates many potential tumour-associated antigens, which may result from somatic single-base mutations within gene-coding regions, from mutations in stop codons that extend open reading frames, from frameshift mutations or from gene rearrangements that lead to the production of fusion proteins, among other mechanisms.
Emerging data, especially from exomic sequencing, indicates that melanomas contain more mutations than other types of cancer 25 . Specifically, melanomas contain large numbers of mutations that are characteristic of damage from ultraviolet radiation. Pyrimidines (cytosine and thymine) are most vulnerable to ultraviolet radiation, which characteristically produces C to T and CC to TT transitions. Longer wavelength radiation can cause oxidative damage to DNA. Ultraviolet light is also mitogenic, as it stimulates melanocytes to divide, in part by inducing the expression of melanotropin (also known as MSH), and this potentially exacerbates its properties as a mutagen 26 . Importantly, T cells potentially recognizing these neo-antigens will not have been tolerized in the thymus. Furthermore, some of these T cell-targetable mutations may be required to drive the cancer phenotype. Tumour-specific antigens that are caused by particular point mutations have been shown to be recognized by naturally-occurring T cells 27 .
Recognition of viral antigens. Some cancers associated with transforming viruses can express viral products, which are attractive targets because they are not expressed by normal tissues. Although only applicable to a subset of cancer histologies, it is possible to target the oncogenic proteins encoded by cancer-associated viruses, such as those derived from Epstein-Barr virus 28 and human papillomavirus (HPV) 29 . Experiments in mice indicate that the successful targeting of mutant tumour-associated epitopes, especially those derived from driver mutations or transforming oncogenes, can lead to complete tumour destruction 30 . It is likely that targeting of virus-encoded transforming proteins that are expressed by tumour cells can also promote tumour elimination.
Tumour-specific T cells can recognize antigens produced by epigenetic changes. Evidence now indicates that epigenetic changes in cancer cells can be the primary driver of some tumour histologies 31 . Epigenetic changes can trigger the expression of a category of non-mutated proteins called cancer germline antigens or cancer-testis antigens 32 . Cancer-testis antigens are normally expressed by germline cells in the testes and fetal ovaries, but they are also expressed by many types of tumours. Cancertestis antigens are among the most attractive immunotherapeutic targets because of their shared expression among many tumour histologies and their lack of expression in normal tissues.
Cancer-testis antigens are products of genes that are inactive in normal non-germline tissues (with the possible exception of the placenta). T cells do not recognize these antigens on male germline cells because these cells do not express MHC class I or MHC class II molecules 33 . Genomic DNA encoding cancer-testis antigens is often demethylated in tumours 33 , and the dysregulated cancer epigenome may share some characteristics with the epigenome of germline cells 34 . Combinatorial therapeutic approaches involving drugs that modulate the epigenome and immunotherapy that targets cancer-testis antigens have been suggested based on these data and have been pursued in mouse models 35 and in human in vitro systems 36 . The tumours that most commonly express cancer-testis antigens include melanomas, lung carcinomas and cancers of the head and neck, oesophagus and bladder 37 .
There are about 110 cancer-testis antigens that can potentially be targeted by naturally occurring or geneengineered T cells. Many of the genes encoding these antigens are part of multigene families derived from gene duplications, although little is known about their functions. Approximately 30 of these cancer-testis antigens are encoded on the X chromosome (see the CT Database) and have been designated cancer-testis X genes. These antigens in particular have stimulated great interest among cancer immunologists. Several of these antigens -including cancer-testis antigen 1 (CTAG1; also known as NY-ESO-1) 6 , MAGEA3 (REF. 38 ) and synovial sarcoma X breakpoint 2 (SSX2) -have been the targets of contemporary clinical trials. A recent report targeting CTAG1 using autologous T cells with genetically engineered TCRs showed evidence of objective clinical responses in 8 out of 17 (47%) patients with metastatic melanoma and in 8 out of 10 (80%) patients with metastatic synovial sarcoma, all of whom were heavily pretreated with standard therapies. No toxicity against normal tissues was observed 6 . This work validates T cell-mediated targeting of neoantigens derived from cancer-associated alterations in the epigenome as a therapeutic approach.
Recognition of antigens on non-transformed tumour vasculature and stroma. Many studies have focused on how T cells directly kill transformed cells in the tumour mass. However, tumours contain many other cell types, including large numbers of stromal cells and leukocytes, such as NK cells, myeloid-derived cells, B cells 39 and of course different T cell populations. Recent findings indicate that targeting these cell types may also promote tumour elimination 40 . For example, one study showed that the ablation of tumour-infiltrating mesenchymal cells that expressed fibroblast activation protein (FAP; also known as seprase) led to tumour necrosis 41 . This suggests that T cells engineered to recognize these cells could also mediate antitumour immunity without directly targeting the tumour.
Finally, to obtain nutrients, growing tumours must continually acquire neovasculature, which is derived from existing host blood vessels or from bone marrowderived endothelial cells. This neovasculature is subject to immune attack because, compared with existing vasculature, it can express higher levels of certain molecules, such as vascular endothelial growth factor receptor 2 (VEGFR2) [42] [43] [44] . An important caveat here is that although the vasculature in mouse tumours seems clearly distinct from that in normal tissue, mouse tumour vasculature is generally less than a month old in most studies. These new vessels might be different from the vasculature that is present in human tumours, which may have been established for several years before diagnosis. 
ACT immunotherapies can eradicate tumours
Immunotherapy based on the adoptive transfer of tumour-specific lymphocytes has a rich history that dates back several decades [45] [46] [47] . It is important to distinguish these ACT-based treatments from other immuno therapies, such as therapeutic cancer vaccines, which are aimed at boosting immune reactivity in the tumour-bearing host. Therapeutic vaccines are attractive because they are easy to use and have shown low toxicities in preclinical and clinical trials at the US National Cancer Institute and elsewhere [48] [49] [50] [51] [52] [53] [54] [55] [56] . Vaccines can be augmented using prime-boost regimens, MHC anchor modifications, cytokines and co-stimulation [57] [58] [59] [60] [61] [62] . However, broad reviews of clinical trials show that cancer vaccines only induce objective tumour regression in less than 4% of patients treated 63, 64 . Although the therapeutic cancer vaccine sipuleucel-T -which the US Food and Drug Administration (FDA) has approved for the treatment of castration-resistant prostate cancer -increased survival by an average of 4.1 months, no significant differences in time to disease progression were measured and patients did not experience tumour regression or long-term, durable responses 65 . Importantly, none of the cancer vaccines that have been tested in many hundreds of clinical trials come close to the aspirational goal of a 'cure' of metastatic disease, and their therapeutic benefit -if it is measurable -is modest and measured in months, not years.
Complementaritydetermining regions
Short amino acid sequences found in the variable domains of antigen receptor proteins that recognize an antigen and therefore provide the receptor with its specificity for that particular antigen.
Directed evolution
A cyclic sequence of steps (including modification, selection and amplification) that is used, typically in vitro, to enrich for proteins or nucleic acids that show properties that are desired by the researcher but that are not necessarily found in nature.
Chimeric antigen receptors
(CARs). Antigen receptors that contain sequences from more than one source, such as an antibody molecule, a T cell receptor signalling chain, and an activating motif.
Current therapies based on TILs. Immunotherapies based on the adoptive transfer of TILs are the best available treatment for patients with metastatic melanoma. However, these therapies have limitations. Not all patients can be entered into trials, as they are still limited to patients with good performance status who are capable of withstanding the rigours of the lympho depletion-and IL-2-based treatments that are currently used.
A recent study of 93 patients with stage IV melanoma described three sequential trials in which patients were treated with the adoptive transfer of autologous TILs, administered in conjunction with IL-2 following host conditioning regimens. Objective clinical response rates, assessed using response evaluation criteria in solid tumours (RECIST), ranged from 49% to 72% 4 . Although patients can sometimes benefit enormously from partial responses, every patient aspires to become cancer free. The difficult reality for patients with melanoma is that partial responses offer only a temporary respite in disease progression. Importantly, 20 of the 93 patients (22%) achieved complete tumour regression, and 19 of these 20 (93%) have ongoing complete regression with a minimum follow up of 57 months. Indeed, some of these patients have been alive and disease free for more than 8 years and are probably 'cured' of metastatic melanoma. The likelihood of achieving a complete response was similar regardless of prior therapy. Thus, ACT therapy with autologous TILs can mediate durable complete responses in patients with metastatic melanoma and has similar efficacy irrespective of prior treatment 4 . Recent reports document that several other groups have reproduced these findings with objective response rates of 48% 66, 67 . Despite these successes, the reasons why some patients respond favourably to this treatment and others do not remain unknown at present. The determinants of successful ACT-based immunotherapy have been studied in mice 68 , and recent insights into T cell differentiation have been obtained from human studies 4 , which are discussed in more detail below. It has been shown that tumours may escape from the T cell-based therapy in some instances using a variety of mechanisms 11, 12, 69 . In addition, studies in mice and humans have explored the target specificities of the transferred T cells, the nature of the microenvironment and how can it be targeted (including the use of increased-intensity lymphodepletion), and the differentiation states of the cells involved.
As described below, genetically engineered T cells can be used to destroy cancers of various histologies. However, the efficacy of naturally occurring TILs appears to be restricted to melanoma, for reasons that are not fully understood. Other tumours, such as those arising from the colon and breast, do contain T cells 39, 70 , but the specificities and functions of these T cells remain unclear. One explanation for why melanomas yield therapeutic TILs is that melanomas contain more mutations than virtually any other type of cancer 25 . Some tumours -especially those arising in childhood, testicular germ cell tumours and some leukaemias -contain very few mutations, and their cancerous phenotypes appear to be largely a result of epigenetic derangements 31, 71 .
Interestingly, melanomas are not alone in having highly mutated genomes, but are joined by some primary lung tumours 71 , which can experience extreme environmental mutagenesis induced by tobacco smoke rather than by light. This observation leads to the speculation that the numerous mutations in lung cancer could also be targeted by T cell-based ACT.
Although naturally occurring tumour-infiltrating T cell populations are currently only isolated and expanded from melanomas, virtually all tumour cell types can be lysed by T cells engineered to recognize antigens on tumour cell surfaces 5, 6, 16, 72, 73 and can trigger the release of cytokines and chemokines from these T cells. This has prompted the development of approaches to genetically engineer T cells to express specific receptors that target tumours.
Genetic modification of T cells for ACT.
T cells can be genetically engineered, using a variety of techniques, to express TCRs with a high affinity and excellent specificity for target antigens [74] [75] [76] . Most frequently, investigators use retroviruses or lentiviruses encoding an antigen receptor specific for the target antigen. Gene engineering can vastly increase the range of tumour histologies susceptible to treatment; this range now includes neuroblastoma 77 , synovial cell sarcoma 6 , leukaemia and lymphoma 3, 5, 7 , to name just a few examples from the recent literature. Current efforts are too numerous to summarize here: 765 of the 1119 gene-therapy protocols considered by the Recombinant DNA Advisory Committee in the US alone are focused on the treatment of cancer 78 . Gene engineering may well be capable of targeting virtually any cancer histology, because T cells can be engineered to target antigens expressed by transformed and non-transformed cells from within the tumour mass. More details of this recognition are described below.
The TCRs used in current clinical trials can have several origins (FIG. 2) . If a high-affinity TCR can be isolated from a patient, especially from a patient who had an excellent response to ACT, genes encoding this TCR can be cloned into a retrovirus or lentivirus, which can then be used to transduce autologous T cells from other patients with matching HLA restriction elements 21 . The affinity of engineered receptors can be increased by changes to the complementarity-determining regions or through directed evolution, although such changes may also reduce specificity 79 . It is also possible to use TCRs isolated from mice. Human T cells engineered to express mouse TCRs have been used to target CEA and PMEL in human clinical trials and can yield objective clinical responses in patients who receive them, although they can also cause 'on target' toxicities 16, 21 . Chimeric antigen receptors (CARs) are another means for providing specificity to transduced T cells and can originate from antibodies (FIG. 2) . The variable regions from antibody genes can be engineered to encode singlechain structures fused to TCR intracellular domains that are capable of activating T cells. Recombinant retroviruses can then be used to transduce T cells with the CAR, which has antibody-like specificity. Thus, CARs recognize MHC-nonrestricted structures on the surfaces 
Recombination-activating genes
These genes (Rag1 and Rag2) are expressed by developing lymphocytes. Mice that are deficient in either RAG protein fail to produce B and T cells owing to a developmental block in the gene rearrangement that is required for antigen receptor expression.
Allelic exclusion
A mechanism that ensures that a lymphocyte expresses antigen receptors of only a single specificity at its cell surface. This is an integral step in the clonal commitment of a lymphocyte lineage.
Cytokine storm
A sudden surge in the circulating levels of pro-inflammatory cytokines, such as interleukin-1, interleukin-6, tumour necrosis factor and interferon-γ. Clinically, this can result in hypotension, acute renal failure, poor pulmonary function and even death.
of target cells, whereas TCRs recognize mainly intracellular antigens that have been processed and presented as peptide complexes with MHC molecules 80, 81 . Finally, it is worth noting that, rather than engineering the T cells themselves, another approach that can be used to promote T cell recognition of tumours is to engineer bi specific antibodies 82, 83 . One subgroup of these, known as bispecific T cell engagers (BITEs), can promote tumour elimination by linking T cells to tumours, even in the absence of cognate TCR-MHC interactions.
Advantages and disadvantages of gene-engineered T cells. Gene-engineered T cells have several advantages. These include the ability of the immunotherapist to choose the biophysical properties of the receptor used 84 as well as the cell population that is genetically engineered (such as cells at early stages of differentiation) 85 . Genetic modification of T cells for ACT is not limited to conferring new antigen reactivity to recipient T cells, but can also be used to insert genes that improve the efficacy of the T cells that are transduced. Such genes include those encoding molecules involved in costimulation 86 , the prevention of apoptosis 87 , the induction of inflammation [88] [89] [90] or homeostatic proliferation, as well as those encoding chemokine receptors that promote T cell homing 91 . Finally, it is worth mentioning that it may be possible to engineer T cells to express transcription factors that control T cell differentiation and fate. Of course, any of these manipulations can also be done on naturally occurring tumour-specific T cells, or in concert with gene engineering that confers reactivity.
There are also disadvantages to using geneengineered T cells. Current approaches have only monoclonal specificity, and this may represent a narrow attack on the tumour, facilitating the development of antigen escape variants. In addition, mispairing of the TCR α-and β-chains can occur 92 , although the efficiency of this in human cells has been questioned 93 . Transducing haematopoietic stem cells (HSCs) suppresses mispairing by shutting off the expression of recombinationactivating genes through allelic exclusion 94, 95 . Alternatively, using transmembrane domains from mouse receptors or transducing human γδ cells might limit mispairing 96 . Another problem with the use of gene-engineered T cells is the development of unexpected toxicities. 'Off-target' toxicity results from the recognition of an unintended structure owing to antigenic mimicry or cross-reactivity (as well as TCR mispairing 92 ), whereas in the case of 'on-target' toxicity T cells recognize the intended molecular target. Both types of recognition can result in tissue destruction and can trigger secondary effects, such as a cytokine storm 81, 97 . However, the safety of ACT therapies can be improved by new technologies that enable the rapid obliteration of T cells in the event of adverse toxicity. For example, the T cells can be modified to express an inducible form of caspase 9 that causes rapid cell death when activated by an otherwise bio inert small-molecule drug 98 . The biggest hurdle for gene therapy to overcome remains the identification of antigens that can be targeted to destroy the cancer without causing untoward toxicity to normal tissues.
Depleting a corrupt host microenvironment Contrary to early claims that patients with cancer are globally immunosuppressed, meaningful immunosuppression is not seen until late stages in most patients with cancer. However, immunosuppressive cellular elements within the tumour microenvironment have long been observed [99] [100] [101] . Based on the goal of removing this immuno suppression, researchers have developed pretreatment regimens of total-body irradiation or chemotherapy that are capable of depleting lymphoid cells. Although it seems counterintuitive that the efficacy of ACT-based tumour immunotherapy can be improved by the removal of the host immune system, the data supporting the use of lymphodepleting regimens before ACT in mice are robust and clear 102, 103 . There is also evidence that these approaches can improve ACT-based immunotherapies in human clinical trials 4, 104, 105 . Several mechanisms might underlie the augmented efficacy of tumour-reactive T cells in the lymphopenic environment. These factors include the elimination or reprogramming of immunosuppressive MDSCs, which are discussed elsewhere in this focus issue 106 . Briefly, MDSCs are a heterogeneous population of CD11b + GR1 + cells that are found at increased frequencies in tumours and in chronic infections 101, 107 . In a classic experiment conducted nearly two decades ago, it was shown that the depletion of MDSCs using GR1-specific antibodies could result in protection from tumour challenge 108 . More recently, it was shown that bone marrow-derived myeloid cells could be reprogrammed to lose their immunosuppressive properties through the use of IL-12 (REFS 89, 90) . Thus, modulation of the suppressive activities of MDSCs might contribute to the increased antitumour T cell responses observed after ACT.
In addition, ACT is enhanced by the depletion of endogenous cells that compete for activating cytokines 109 , by the augmentation of adoptively transferred T cells through HSC transplantation 102 , and by the increased functionality of APCs, which is mediated in part by the bacterial translocation that accompanies total-body irradiation 110 . Finally, although effector T cells can augment ACT-based immunotherapy in mice, regulatory T (T Reg ) cells diminish the effectiveness of these therapies 111 , perhaps through direct cellular inhibition but also by decreasing the availability of IL-2 (REF. 112 ). This concept of a 'yin and yang' relationship between T Reg cells and effector T cells, which is governed by IL-2, has been discussed in the literature 113, 114 . Taken together, it is clear that strategies that aim to overcome the highly dysregulated immune microenvironment found in patients with cancer can dramatically improve T cell-based immunotherapies.
T cell differentiation state and ACT Lymphodepletion can have a marked impact on treatment with ACT-based immunotherapies, but it is not the only factor responsible for affecting clinical responses. Emerging findings from both mouse studies and clinical trials indicate that intrinsic properties related to the differentiation state of the adoptively transferred T cell populations are crucial to the success of ACT-based approaches 4, 115, 116 . Nature Reviews | Immunology 
Central memory T cell
(T CM cell). An antigenexperienced CD8 + T cell that lacks immediate effector function but is able to mediate rapid recall responses. These cells also rapidly develop the phenotype and function of effector memory T cells after re-stimulation with antigen. T CM cells retain the migratory properties of naive T cells and therefore circulate through the secondary lymphoid organs.
Effector memory T cell
(T EM cell). A terminally differentiated T cell that lacks lymph-node-homing receptors but expresses receptors that enable it to home to inflamed tissues. T EM cells can exert immediate effector functions without the need for further differentiation.
CD8
+ T cell differentiation. CD8 + T cells trigger tumour rejection in both mice and humans and can be categorized into distinct memory subsets based on their differentiation states 85, 117 . The available data suggest that CD8 + T cells follow a progressive pathway of differentiation from naive T cells into central memory T cell (T CM cell) and effector memory T cell (T EM cell) populations 85, 116, 118 (FIG. 3) . The extent of differentiation is determined by the strength of the TCR signal and the cytokine environment that the T cell encounters during antigen-specific activation. Experiments using TCR-transgenic mice have revealed that CD8 + T cells that are stimulated multiple times with their specific antigen and IL-2 show decreased survival and proliferation compared with cells that are stimulated only once or not at all. Although these CD8 + T cells acquired the ability to lyse target cells and to produce IFNγ, qualities thought to be important in their antitumour efficacy 22 , their actual antitumour efficacy declined following adoptive transfer 115 . This decline in the function of tumour-specific T cells has been linked to a variety of factors, including cell-intrinsic counterregulation 119 . T cell differentiation is associated with increased production of granzymes and reactive oxygen species, but also with the loss of the ability to produce IL-2, to home to lymph nodes and to resist apoptotic death. These findings have led to the hypothesis that the differentiation state of CD8 + T cells is inversely related to their capacity to proliferate and persist 116 (FIG. 3) .
In terms of efficacy in ACT for cancer, naive T cells have been shown to be more effective than memory T cells 115, 120, 121 , and within memory pools T CM cells show increased antitumour activity compared with T EM cells in mice 122, 123 , non-human primates 124 and humanized mouse models 125 . In addition, new evidence indicates that cells derived from T CM cells might persist and function in humans because of the reacquisition of CD62L 126 . It is clinically relevant that 'younger' T cells can be genetically engineered with a higher efficiency 85 , although it remains unclear whether the increased efficacy of these T cells depends on them being separated from fully differentiated effector cells before adoptive transfer.
More recently, there has been interest in a distinct population of CD8 + T memory stem (T SCM ) cells, which were first characterized by Emerson and colleagues in transplantation models 127 . These cells express high levels of stem cell antigen 1 (SCA1), B cell lymphoma 2 (BCL-2) and the IL-2 receptor β-chain (IL-2Rβ) and were shown in mice to have superior antitumour properties compared with other memory T cell subsets 128 . In humans, T SCM cells resemble naive T cells, in that they have the phenotype CD45RA + CD45RO -. They express the IL-7 receptor α-chain, which can facilitate their survival 129 , as well as high levels of molecules that facilitate their homing to lymph nodes, such as CD62L and CC-chemokine receptor 7 (CCR7). In addition, Nature Reviews | Immunology The expressed genes from a patient's tumour can be sequenced to identify candidate mutant T cell epitopes. Relevant epitopes that could potentially bind to the MHC molecules of the patient could be predicted using peptide prediction algorithms (for example, see the HLA Peptide Binding Predictions website). If peptides derived from mutant proteins are found to be capable of forming new MHC-restricted target structures, the candidate peptides could be used in one of at least three ways. First, scientists can identify or sort cells that express relevant antigens (such as those derived from driver oncogenes) using tetramer-like reagents. Second, candidate peptides could be used to stimulate T cells that are already present in the patient's tumour or in their peripheral blood. Third, tumour antigens could be used to prime tumour-specific T cells in humanized mice that are transgenic for human MHC molecules. If the T cell populations generated are specific for the patient's tumour, they could be expanded and adoptively transferred if they are of human origin. Alternatively, mouse T cells can be used to identify suitable T cell receptors (TCRs) for gene-engineering approaches. TIL, tumour-infiltrating lymphocyte.
human T SCM cells express co-stimulatory receptors (including CD27 and CD28), which may facilitate their proliferative capacities 130 , and high levels of CD95 and IL-2Rβ 85, 117 . T SCM cells have a genetic programme that enables them to proliferate extensively, and they can further differentiate into T CM and T EM cells (FIG. 3) . Importantly, human T SCM cells show increased antitumour activity compared with T CM and T EM cells, suggesting that they will be more effective for ACT in patients with cancer 85, 117, 128, 131 . Although T cells can reacquire CD62L expression 124 , the fundamental programme of differentiation proceeds efficiently in only one direction and so arresting or reversing T cell differentiation might be desirable in the setting of ACT for cancer under some circumstances. Future ACT-based immunotherapies may well rely more on the phenotype, telomere length, IL-2-producing capacity and TCR affinity of T cells when determining which cells should be transferred.
Modulating T cell differentiation to increase therapeutic efficacy. As discussed above, the differentiation status of effector CD8 + T cells markedly affects their anti tumour efficacy. However, the differentiation state of the CD8 + T cells found in TIL populations that are isolated from patients is not yet clear. It is possible that, in some patients, available tumour-specific T cells are already terminally differentiated into T EM cells. In addition, the culture conditions currently used for preparing TILs for ACT -2 weeks or more of culture with high doses of IL-2, a CD3-specific antibody and, in some cases, irradiated allogeneic 'stimulator' cells -may cause further differentiation of isolated TILs.
It is not clear whether limiting these powerful differentiation factors would improve the efficacy of TILs. Moreover, it is not known whether these improvements in T cell antitumour functions (if any such improvements occur) would compensate for the reduced TIL numbers that might result from restricting these factors. However, because IL-2 promotes the differentiation of effector T cells and increases their susceptibility to apoptosis, it will be important to explore whether reducing IL-2 concentrations in TIL culture conditions may be beneficial for ACT purposes. Other cytokines worth investigating are IL-15, which promotes T CM cell differentiation, and IL-21, which has been shown to arrest T cell differentiation, such that 'younger' cells are obtained at the end of culture 132, 133 . In addition, pharmacological modulators of the WNT signalling pathway could have a beneficial effect 85, 128, 134, 135 .
Differentiation of tumour-specific CD4
+ T cells. Much of the existing work in cancer immunotherapy has focused on CD8 + T cells. However, CD4 + T cells can also efficiently promote tumour rejection, in part through their ability to secrete IL-2 (REF. 111) and to recruit and sustain tumour-specific CD8 + T cells 136 . CD4 + T cells can also alter the function of APCs (especially DCs) and innate immune cells 165 . Furthermore, in addition to enhancing CD8 + T cell function, CD4 + T cells can have a more direct role in tumour elimination 137, 138 . Several preclinical studies illustrate the potential uses of tumour-specific CD4 + T cells for cancer immunotherapy 95, [139] [140] [141] [142] [143] [144] , and a recent clinical study in which nine patients with metastatic melanoma were treated with tumour-specific CD4 + T cell clones 145 highlighted one patient who showed a complete response 146 . The roles of CD4 + T cells in the antitumour immune response crucially depend on their polarization, which is determined by their expression of key transcription factors and has been reviewed elsewhere 147 . As already mentioned, T Reg cells have potent immunoinhibitory functions and may contribute to the immuno suppressive tumour microenvironment. The role of T H 2 cells (T helper 2 cells) in the antitumour immune response remains unclear, but T H 1 cells can mediate antitumour responses in mouse models, in part through their production of IFNγ 148 . New evidence suggests that adoptively transferred T H 17 cells can promote long-lived antitumour immunity 143, 149 . Although IL-17 itself has been linked to carcinogenesis 150, 151 , it is clear that T H 17-type polarization conditions can also augment the antitumour functions of CD8 + T cells 152, 153 . T H 17 cells are capable of inducing efficient tumour rejection 141, 142 , but only if they are able to differentiate into effector T cells with T H 1-like properties 143 . Interestingly, T H 17 cells show similarities to stem cells in terms of their gene expression profile, their resistance to apoptosis, and their capacity for self-renewal and multipotency 143, 166 . In summary, CD4 + T cells are important for driving many distinct effector immune responses, and harnessing these cells may enable the development of better cancer therapies.
Future directions
ACT after lymphodepletion has emerged as a promising advance in cancer immunotherapy. Emerging data from preclinical and clinical studies have increased our understanding of the mechanisms that underlie successful immunotherapies and have helped us to identify the most effective T cell populations. In addition, gene engineering has expanded the potential target population that could benefit from ACT-based immunotherapies.
Importantly, ACT-based therapies are not FDAapproved and are only available in a limited number of locations worldwide. A major limitation of these therapies is their expense, and the treatments require specialized cell-production facilities and highly trained laboratory and medical staff. However, despite these limitations, there have been improvements in translating personalized cell therapies into the clinic (including advances in cell isolation and culture techniques), which have led to a proliferation of new experimental therapies. It seems plausible that blood banks could grow tumourspecific T cells for use in the clinic, or that autologous or even allogeneic cells could be mass-produced in a central facility, perhaps by a commercial enterprise 154, 155 . In the future, it will be important to explore methods for improving immune ablation. Although pilot trials have suggested that total-body irradiation can improve the efficacy of ACT-based therapies, randomized trials to compare high-intensity lymphodepleting regimens are currently underway (see ClinicalTrials.gov; study identifier NCT01319565). Inexpensive and routine DNA sequencing techniques may soon revolutionize cancer immunotherapy by enabling the identification of patient-specific tumour antigens (FIG. 4) .
Finally, there is a strong rationale for using other cancer therapies in combination with ACT-based therapy 156 (FIG . 5) . Studies in mice have shown that acute activation of T cells can augment their antitumour efficacy 157 . This can be accomplished in vivo by administering a vaccine together with the transferred cells 158 . Tumour cell death after 'oncogene withdrawal' may provide the antigenic stimulation that can drive T cells 159, 160 . Oncogene withdrawal may also reduce the production of immunosuppressive cytokines by tumour cells 161 . The use of targeted agents might change the balance of pro-and anti-apoptotic molecules in tumour cells to bias these cells towards death following encounter with tumourspecific T cells or their toxic metabolites. In addition, it has been shown that the administration of vemurafenib (a small-molecule inhibitor of the RAF-MEK-ERK signalling pathway) can lead to the upregulation of tumourassociated antigens on melanomas, thereby promoting T cell-mediated recognition of the tumour 162 .
Conclusions
To paraphrase the description of leukaemia by the physician William Castle in 1950: although the palliation of cancer is the daily task of the oncologist, its cure is our "fervent hope". It seems clear that drug-based treatments alone generally do not kill all cancer cells -with the notable exception of germ cell tumours and some haematological malignancies. Residual disease after drug therapy will ultimately grow back, with lethal consequences. However, the immune system is capable of achieving sterilizing immunity and of inducing long-term, durable responses that are probably curative. The use of adoptive T cell-based therapies to eradicate cancer is at a rare nexus of basic immunology and clinically meaningful therapy.
